A routine of regular exercise is highly effective for prevention and treatment of many common chronic diseases and improves cardiovascular (CV) health and longevity. However, long-term excessive endurance exercise may induce pathologic structural remodeling of the heart and large arteries. Emerging data suggest that chronic training for and competing in extreme endurance events such as marathons, ultramarathons, ironman distance triathlons, and very long distance bicycle races, can cause transient acute volume overload of the atria and right ventricle, with transient reductions in right ventricular ejection fraction and elevations of cardiac biomarkers, all of which return to normal within 1 week. Over months to years of repetitive injury, this process, in some individuals, may lead to patchy myocardial fibrosis, particularly in the atria, interventricular septum, and right ventricle, creating a substrate for atrial and ventricular arrhythmias. Additionally, long-term excessive sustained exercise may be associated with coronary artery calcification, diastolic dysfunction, and large-artery wall stiffening. However, this concept is still hypothetical and there is some inconsistency in the reported findings. Furthermore, lifelong vigorous exercisers generally have low mortality rates and excellent functional capacity. Notwithstanding, the hypothesis that long-term excessive endurance exercise may induce adverse CV remodeling warrants further investigation to identify at-risk individuals and formulate physical fitness regimens for conferring optimal CV health and longevity.
R egular exercise is one of the cornerstones of therapeutic lifestyle changes for producing optimal cardiovascular (CV) and overall health. Physical exercise, though not a drug, possesses many traits of a powerful pharmacological agent. A routine of daily physical activity (PA) stimulates a number of beneficial physiologic changes in the body and can be highly effective for prevention and treatment of many of our most prevalent and pernicious chronic diseases, including coronary heart disease (CHD), hypertension, heart failure, obesity, depression, and diabetes mellitus. 1 People who exercise regularly have markedly lower rates of disability and a mean life expectancy that is 7 years longer than that of their physically inactive contemporaries. 2, 3 Accordingly, physicians are increasingly prescribing regular exercise training (ET) for their patients. The potential benefits of regular ET are listed in Table 1 . 4 However, as with any pharmacological agent, a safe upper-dose limit potentially exists, beyond which the adverse effects (musculoskeletal trauma, metabolic derangements, CV stress, etc) of physical ET may outweigh its benefits. A very large recent study found that in sedentary individuals, even a modest dose of PA, as little as 15 minutes per day, 5 confers substantial health benefits and that these benefits accrue in a dose-dependent fashion up to about an hour per day of vigorous PA, beyond which more ET does not yield further benefits (Figure 1 ). 5, 6 Similarly, a 15-year observational study of 52,000 adults found that runners had a 19% lower risk of all-cause mortality compared with nonrunners, with U-shaped mortality curves for distance, speed, and frequency. Running distances of about 1 to 20 miles per week, speeds of 6 to 7 miles per hour, and frequencies of 2 to 5 days per week were associated with lower all-cause mortality, whereas higher mileage, faster paces, and more frequent runs were not associated with better survival. 7 A randomized crossover trial assigned 60 male patients with CHD to ET sessions of either 30 or 60 minutes. The 30-minute exercise sessions produced less oxidant stress and improved arterial elasticity, whereas 60-minute sessions worsened oxidant stress and increased vascular stiffness as measured by pulse wave velocity, mainly in older patients. 8 Thus, the benefits of ET are attainable with comparatively modest levels of PA. Highly trained endurance athletes often perform strenuous aerobic exercise for several hours daily, often accumulating workloads of 200 to 300 metabolic equivalent hours (metabolic equivalents ϫ hours) per week, which is approximately 5-to 10-fold greater than the standard ET dose recommended for prevention of CHD. 1, 9 The aim of this review is to explore the hypothesis that long-term excessive endurance ET in some individuals may induce adverse CV structural and electrical remodeling that might diminish some of the benefits conferred by more moderate intensities and durations of ET.
SUDDEN CARDIAC DEATH AND ENDURANCE ET
Over the past 35 years, the number of Americans participating in a marathon annually has risen 20-fold; in 2010, an estimated half-million runners completed a marathon in the United States. 10 Sudden cardiac death (SCD) among marathoners is very rare, with 1 event per 100,000 participants. 6, 7, 11, 12 Although that per-participant risk has not changed over the decades, absolute mortality rates have increased as the number of participants has risen. The final 1 mile of the marathon course represents less than 5% of the total distance of 26.2 miles yet accounts for almost 50% of the SCDs during the race. 12, 13 The fatality rate for triathlons is approximately twice that of marathons, largely because of increased CV events and drownings during the swim portion of the races. 14 The incidence of SCD among collegiate athletes during competition is about 1 per 40,000 participants per year for all athletes. 15 It is extremely important to keep in mind that the occurrence of SCD during marathons, triathlons, and collegiate athletic events is rare and should not deter individuals from participating in vigorous ET; the benefits of regular PA to the individual and to society as a whole far outweigh potential risks. At the same time, long-term training for and competing in extreme endurance events may predispose to CV issues that are not seen in more moderate forms of PA.
The causes of SCD during or after extreme exertion in individuals younger than 30 years most commonly include genetic causes such as hypertrophic cardiomyopathy, anomalous coronary arteries, dilated cardiomyopathy, and congenital long QT syndrome. In athletes older than 30 years, CHD and acute myocardial infarction 16 and ischemia are the predominant causes of exercise-related SCD.
17-23

ANIMAL STUDIES
In an elegant animal model of excessive endurance ET, rats were trained (in part by prodding with electrical shocks to maintain high-intensity effort) to run strenuously and continuously for 60 minutes daily for 16 weeks, and then they were compared with control sedentary rats. 8, 24 The running rats developed hypertrophy of the left ventricle (LV) and the right ventricle (RV), diastolic dysfunction, and dilation of the left atria and the right atria (RA); they also showed increased collagen deposition and fibrosis in both the atria and ventricles (Figure 2 ). Ventricular tachycardia was inducible in 42% of the
ARTICLE HIGHLIGHTS
People who exercise regularly have markedly lower rates of disability and a mean life expectancy that is 7 years longer than that of their physically inactive contemporaries. However, a safe upper-dose limit potentially exists, beyond which the adverse effects of exercise may outweigh its benefits.
Chronic intense and sustained exercise can cause patchy myocardial fibrosis, particularly in the atria, interventricular septum, and right ventricle, creating a substrate for atrial and ventricular arrhythmias.
Chronic excessive sustained exercise may also be associated with coronary artery calcification, diastolic dysfunction, and large-artery wall stiffening.
Veteran endurance athletes in sports such as marathon or ultramarathon running or professional cycling have been noted to have a 5-fold increase in the prevalence of atrial fibrillation.
Intense endurance exercise efforts often cause elevation in biomarkers of myocardial injury (troponin and B-type natriuretic peptide), which were correlated with transient reductions in right ventricular ejection fraction. running rats vs only 6% of the sedentary rats (Pϭ.05). Importantly, the fibrotic changes caused by 16 weeks of intensive ET had largely regressed to normal by 8 weeks after the daily running regimen ceased. This animal study found that daily excessive, strenuous, uninterrupted running replicated the adverse cardiac structural remodeling and proarrhythmia substrate noted in observational studies of extreme endurance athletes. These findings support the hypothesis that in some individuals, long-term strenuous daily endurance ET, such as marathon running or professional long-distance cycling, in some individuals may cause cardiac fibrosis (especially in the atria and the RV and interventricular septum), diastolic dysfunction, and increased susceptibility to atrial and ventricular arrhythmias. Many previous animal studies have also found acute, adverse cardiac effects of prolonged (up to 6 hours) endurance exercise, sometimes employing a rat model of coldwater swimming in which the animals were forced to swim to avoid drowning. 25 These studies are of uncertain clinical relevance because of the excessively stressful nature of the imposed exercise.
ATHLETE'S HEART
Chronic ET imposes increased hemodynamic demands that alter the loading conditions of the heart, particularly among athletes participating in sports requiring sustained elevations in cardiac work, such as long-distance running, rowing, swimming, and cycling. 26 Highly trained individuals develop cardiac adaptations including enlarged LV and RV volumes, increased LV wall thickness and cardiac mass, and increased left atrial size. [21] [22] [23] In the general population, these structural changes are associated with poor cardiac prognosis. 27 However, these structural alterations, together with a preserved LV ejection fraction (EF), have been considered typical findings of the "athlete's heart." [18] [19] [20] 28 Of concern, accumulating information suggests that some of the remodeling that occurs in endurance athletes may not be entirely benign. 17, [29] [30] [31] [32] For example, in elite athletes, cardiac dimensions do not completely regress to normal levels even several years after the athlete has retired from competition and heavy ET. 33 
BIOMARKER EVIDENCE FOR CARDIAC DAMAGE WITH EXTREME ENDURANCE ET
Running is a prototypical natural PA and often plays an integral and important role in an active, healthy lifestyle. 9, [34] [35] [36] However, uninterrupted very long distance running as is generally done while training for and participating in marathons and other extreme endurance events may produce adverse CV effects in susceptible individuals. Serologic markers of cardiac damage, including cardiac troponin, creatine kinase MB, and B-type natriuretic peptide, have been documented to increase in up to 50% of participants during and after marathon running 7,10-14 ( Figure 3) . 9, 12, [37] [38] [39] [40] Additionally, transient renal dysfunction has been observed with extreme endurance ET efforts causing volume depletion and diminished renal filtration, with elevations in serum urea nitrogen, serum creatinine, and cystatin C. 41 Increased levels of cardiac biomarkers including troponin after extreme ET endurance events, such as marathons, may reflect myocardial cell damage at the sites of myocyte slippage of one cell along another due to loss of integrity of desmosomal connections. 15, 42 However, the significance of the elevated cardiac biomarkers after endurance efforts remains uncertain, and it has been argued that these may be entirely benign transient increases resulting from CV adaptations to long-term ET. 12, 16, 38, 43 ADVERSE STRUCTURAL REMODELING Accumulating evidence suggests that the adverse effects of both short-term intense PA and cumulative endurance exercise are most apparent in the rightsided cardiac chambers. Cardiac output at rest is approximately 5 L/min but typically increases 5-fold to about 25 L/min during vigorous ET. 21 Long-term daily sessions of hours of continuous strenuous PA cause dilation of the RA and RV. During the postexercise period, the cardiac geometric dimensions are restored, but with this recurrent stretch of the chambers and reestablishment of the chamber geometry, some individuals may be prone to the development of chronic structural changes including chronic dilatation of the RV and RA with patchy myocardial scarring in response to the recurrent volume over- load and excessive cardiac strain. [17] [18] [19] 29, 44 These abnormalities are often asymptomatic and probably accrue over many years; they might predispose to serious arrhythmias such as atrial fibrillation and/or ventricular arrhythmias (VAs).
A prospective study of 25 runners (13 women and 12 men) found that running a marathon caused acute dilation of the RA and RV, with a sudden decrease in the RVEF. 32 La Gerche et al 45 studied a cohort of 40 highly trained aerobic athletes after competing in endurance events including marathon (mean time to completion, 3 hours), half-ironman triathlon (5.5 hours), full-ironman triathlon (11 hours), and alpine bicycle race (8 hours). They found that these intense endurance exercise efforts caused elevations in biomarkers of myocardial injury (troponin and B-type natriuretic peptide), which were correlated with reductions in RVEF (Figure 4 ), but not LVEF, on immediate (mean, 45 minutes) post-race echocardiography. The reductions in RVEF and the increases in RV volumes, which returned entirely to baseline within 1 week, were seen most often in races of longer durations ( Figure 5 ). Of this cohort of endurance athletes, 5 (12.5%) had myocardial scarring as detected by focal gadolinium enhancement on cardiac magnetic resonance imaging (MRI) (Figure 6 ). The myocardial scarring and chronic RV remodeling were more common in athletes with the largest cumulative experience in competitive endurance events. 45 In summary, this study suggests that intense endurance exercise induces acute RV dysfunction while largely sparing the LV. Even when short-term RV recovery appears complete, long-term training for and competing in extreme endurance exercise may lead to myocardial fibrosis and remodeling in a small subgroup. 9, 20, 21, 45 Ector et al 29 reported that the decrease in RVEF is less significant in athletes with no symptoms of arrhythmia than in endurance athletes who have symptoms of arrhythmias, in whom the RV size increases and the RVEF is significantly lower. Another study of endurance athletes who have symptoms of VAs found that 50% of them had RV structural ab- normalities by MRI. 46 This RV dysfunction is likely induced by recurrent extreme and sustained highlevel PA, with marked elevations in pulmonary artery pressures of up to 80 mm Hg in some athletes, 9 which eventually may cause scattered areas of myocardial injury (as evidenced by the increases in troponin) with subsequent fibrotic scarring, typically in the RV and atria. 17, 22, 23, 29, 31, 32 These observations have led to speculation about the existence of a syndrome of exercise-induced arrhythmogenic RV cardiomyopathy that shares some features with the familial RV disease but is caused by chronic high-level endurance ET rather than a genetic predisposition. 9 Another study using MRI to assess the effects of long-term very long distance running on myocardial structure 31 comprised 102 ostensibly healthy male runners ranging in age from 50 to 72 years who had completed at least 5 marathons during the previous 3 years, compared with 102 age-matched controls. 31 Approximately 12% of these apparently healthy marathon runners have evidence of patchy myocardial scarring, manifested as late gadolinium enhancement; this was 3-fold more common than in age-matched controls. Of additional concern, the CHD event rate during 2-year follow-up was significantly higher in the marathon runners than in controls (PϽ.0001). 31 A similar smaller study found pathologic myocardial fibrosis by cardiac MRI in 6 of 12 asymptomatic men (50%) who were lifelong veteran endurance athletes, but no cases in younger endurance athletes and age-matched controls. 24 Aortic stiffness and arterial pulse wave velocity, which are markers for adverse CV prognosis, 47, 48 may be increased in veteran ultraendurance athletes. A study of 47 individuals who trained extensively for and competed in marathons found that pulse wave velocity and aortic stiffness were significantly higher in the group of marathoners compared with controls. 49 It is possible that the sustained shear stress caused by protracted endurance efforts eventually may induce fibrotic changes and decreases in arterial wall elasticity. Diastolic dysfunction of both the RV and LV has also been observed in individuals doing long-term extreme ET and racing. 50, 51 CORONARY ARTERY CHANGES Veteran endurance marathon runners in one study had coronary arteries that, at resting baseline, were similar in size to those of sedentary controls, but the marathoners had greater coronary artery dilating capacity. 52 Mohlenkamp et al 30 studied 108 middleaged German long-term marathon runners and compared them with matched nonrunner controls. They observed a greater atherosclerotic burden in the marathoners as documented by higher coronary artery calcium (CAC) scores. Additionally, during follow-up the adverse CV event rates in the marathoners were equivalent to those in a population with established CHD. 30 In a similar study, Schwartz et al 53 reported on a US cohort of longterm marathon runners, defined as individuals who completed at least 25 marathons over the previous 4. Duration-dependent effect of endurance events on right ventricular (RV) ejection fraction. From Eur Heart J, 45 with permission.
25 years, and found higher than expected levels of CAC and calcified coronary plaque volume. That study, utilizing computed tomographic coronary angiography, found that the long-term marathoners had significantly more calcified plaque volume than sedentary controls (mean, 274 mm 3 vs 169 mm 3 ). In a case report, Goel et al 54 observed a 49-year-old marathoner who had significant obstructions in all 3 major epicardial coronary arteries without associated risk factors and who generated protracted oxidative stress with prolonged running.
In another study of veteran endurance athletes, mean LV mass, as determined by MRI, was significantly greater in a group of marathon runners than in controls, and the increased LV mass correlated with higher CAC scores. Specifically, those marathoners with an LV mass greater than 150 g had a significantly higher CAC score than those with an LV mass less than 150 g. 30 The investigators also found a mismatch between the risk factor profile and the amount CAC, particularly in the marathoners with an LV mass greater than 150 g. Figure 7 shows the pathophysiology and possible adverse CV consequences (fibrosis, atrial arrhythmias, VAs, and SCD) associated with endurance ET and competition, such as marathon running. Individuals who do long-term ET and race over very long distances induce sustained (often for 1 to several hours daily) elevations in heart rate, blood pressure, cardiac output, and cardiac chamber volumes. 9 Heavy and sustained ET generates large quantities of free radicals 55 that likely outstrip the buffering capacity of the system, leaving these individuals susceptible to oxidative stress and transient cardiomyocyte dysfunction. 45 This repetitive cycle may stimulate immune cells, including lymphocytes, macrophages, and mast cells, to secrete cytokines that signal the myofibroblasts to proliferate and secrete procollagen, which is then cross-linked to form mature collagen, 41 eventually resulting in fibrosis deposited in patches in the myocardium and more diffusely in the large arteries.
PATHOPHYSIOLOGY OF LONG-TERM EXTREME ET
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PROARRHYTHMIC EFFECTS OF EXCESSIVE ENDURANCE ET
Although it has been recognized that elite-level endurance athletes commonly have electrocardiographic abnormalities and atrial and ventricular ectopy, 28, 44, 54 these functional adaptations traditionally have not been thought to predispose to serious arrhythmias or SCD. However, it appears that adverse cardiac remodeling induced by excessive ET can create an arrhythmogenic substrate, and rhythm abnormalities may be the most common CV problems encountered by veteran endurance athletes. 29, 31, 54 Indeed, long-term sustained vigorous aerobic ET such as marathon or ultramarathon running or professional cycling has been associated with as much as a 5-fold increase in the prevalence of atrial fibrillation. 19, 30, 31, 37, [55] [56] [57] [58] [59] [60] [61] [62] [63] Potential mechanisms underlying the association of long-term excessive exercise and atrial fibrillation are speculative but may include increased vagal and sympathetic tone, bradycardia, inflammatory changes, atrial wall fibrosis, and increased atrial size. 59 Some data indicate that atrial size may be larger in veteran endurance athletes than in age-matched sedentary controls. 64 Indeed, the left atrium may be enlarged in as many as 20% of competitive athletes, and this may be a predictor for atrial fibrillation. 59, 64 In addition, complex ventricular ectopy, including ventricular tachycardia and rarely SCD, 11 occurs even in very fit individuals. 12, 29 Despite the fact that these studies generally excluded athletes with findings suggestive of familial arrhythmogenic RV dysplasia, the VAs typically originate from a mildly dysfunctional RV and/or the interventricular Normal septum. 20, 29, 46, 65, 66 The patchy myocardial fibrosis (fibrillary collagen deposition) that may develop as a reparative response to damaged myocardium can favor reentry, which is well established as a substrate for arrhythmia. 29, 51 Long-term extreme endurance ET and competition also stimulate multiple other disruptions, including episodic release of excessive catecholamines with resultant coronary vasoconstriction, chronic elevations of heart rate, changes in free fatty acid metabolism, lactic acidosis, and metabolic derangements. 41 
RISK STRATIFICATION FOR ENDURANCE ATHLETES
Currently, we have no proven screening methods for detecting potential CV pathologic changes associated with extreme endurance ET. A logical strategy for now might be to deploy postcompetition cardiac biomarkers, echocardiography, and/or advanced imaging such as cardiac MRI to identify individuals at risk for and/or with subclinical adverse structural remodeling and substrate for arrhythmias, but the cost would likely be prohibitive. 65 Computed tomography for CAC scoring may be useful, particularly for those older than 50 years who have been training extensively for and competing in extreme endurance events. Exercise testing generally has not been found to be helpful in screening extreme endurance athletes, nor has costeffectiveness or clinical yield been found with the other testing described earlier.
An obligatory pattern of compulsive and excessive daily exercise has been described that may have adverse long-term mental and physical health consequences. 67 A questionnaire developed to identify obligatory exercisers may be useful for screening veteran endurance athletes. 68 
CONCLUSION
In some individuals, long-term excessive endurance ET may cause adverse structural and electrical cardiac remodeling, including fibrosis and stiffening of the atria, RV, and large arteries. This theoretically might provide a substrate for atrial and ventricular arrhythmias and increase CV risk. Further investigation is warranted to identify the exercise threshold for potential toxicity, screening for at-risk individuals, and ideal ET regimens for optimizing CV health. For now, on the basis of animal and human data, CV benefits of vigorous aerobic ET appear to accrue in a dose-dependent fashion up to about 1 hour daily, beyond which further exertion produces diminishing returns and may even cause adverse CV effects in some individuals.
Consensus Guidelines for Physical Activity and Public Health from the American Heart Association FIGURE 6. Delayed gadolinium enhancement in 5 athletes. Images of 5 athletes in whom focal delayed gadolinium enhancement was identified in the interventricular septum (arrows), compared with a normal study in an athlete (top left). From Eur Heart J, 45 with permission. 1 Those guidelines also suggest that larger doses of ET may be necessary in some groups, such as those with or at risk for CHD (30 to 60 minutes daily), adults trying to prevent the transition to overweight or obesity (45 to 60 minutes per day), and formerly obese individuals trying to prevent weight regain (60 to 90 minutes per day). The guidelines also caution that high-intensity ET increases risk of musculoskeletal injuries and adverse CV events. 1 Abbreviations and Acronyms: CAC ‫؍‬ coronary artery calcium; CHD ‫؍‬ coronary heart disease; CV ‫؍‬ cardiovascular; EF ‫؍‬ ejection fraction; ET ‫؍‬ exercise training; LV ‫؍‬ left ventricular; MRI ‫؍‬ magnetic resonance imaging; PA ‫؍‬ physical activity; RA ‫؍‬ right atrium; RV ‫؍‬ right ventricular; SCD ‫؍‬ sudden cardiac death; VA ‫؍‬ ventricular arrhythmia
